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Abstract 
The pathophysiological mechanism of Campylobacter jejuni (enterotoxigenic) induced secretory diarrhoea remains least understood. 
To investigate the mechanism(s) involved, the unidirectional fluxes of Na + and CI- were measured across the C. jejuni live culture 
infected and control (non infected) rat ileum (unstriped), in vitro by Ussing technique under short circuit conditions, in the presence or 
absence of: Ca 2+ ionophore A23187 (5 #xM), 1-verapamil (100 #zM), calmodulin (CAM) antagonist W-7 (100 #~M), dantrolene (25/xM), 
protein kinase C (PKC) activator PMA (100 ng/ml) and H-7 (60/zM), selective inhibitor of PKC. There was net absorption of Na ÷ and 
enhanced CI- secretion in infected animals while in control animals there was net absorption of Na ÷ and marginal secretion C1-. Ca 2 ÷ 
ionophore A23187 mimicked the effects of C. jejuni infection whereas 1-verapamil had significant antisecretory effect on Na + and C1- 
secretion i  infected animals. In vitro measurement of unidirectional 45Ca fluxes in Ussing chamber experiments revealed net absorption 
of Ca 2+ in infected rat ileum as compared to net secretion of Ca 2+ in control rat ileum. These observations dearly indicate that there is 
increased stimulation of Ca 2+ uptake from extracellular milieu to the enterocytes during C. jejuni-induced iarrhoea. The intracellular 
calcium levels (Ca2+]i (as measured by fluorescent probe Fura-2AM) were found to be raised significantly (P < 0.001) in enterocytes 
isolated from C. jejuni infected ileum as compared to the enterocytes from control ileum. The observed increase in [Ca 2÷ ]i in enterocytes 
isolated from C. jejuni live culture supernatant treated rat ileum further shows the involvement of enterotoxin diarrhoeal process. 
Dantrolene decreased significantly C. jejuni-induced net Na + and C1- secretion but it could not reverse it to absorption suggesting the 
partial involvement of Ca 2÷ mobilised from intracellular stores in mediating secretion. W-7 failed to inhibit the C. jejuni-induced net 
Na + and C1- secretion. In addition the CaM activity estimated in intestinal microvillar core remained same in both the control and C. 
jejuni infected animals. This indicates that C. jejuni-induced iarrhoea is not mediated through the activation of Ca2+-CaM complex 
pathway of the Ca 2 ÷ messenger system. The PKC activator PMA, induced net secretion of Na + and CI- in the control animals but it 
could not enhance further the C. jejuni-induced Na ÷ and CI- secretion, suggesting that there is overlapping effect of PMA and C. jejuni 
live culture infection. H-7 significantly inhibited (P < 0.001) net Na + and CI- secretion in the infected animals but had no effect on 
basal rat ileal Na ÷ and CI- transport in control animals. This again suggest he activation of PKC signal in C. jejuni-induced ileal Na ÷ 
and C1- secretion. Although intracellular cAMP levels were found to be significantly raised in the enterocytes i olated from C. jejuni live 
culture infected and C. jejuni culture supernatant treated rat ileum, the mechanism of interaction between cAMP and Ca 2÷ messenger 
system in infection remains undefined. Taken together, the present results therefore, indicate that enterotoxigenic C. jejuni live 
culture-induced Na+ and CI- secretion is a calcium-dependent process where both increased Ca 2+ entry from extracellular milieu and 
Ca 2÷ mobilization from intracellular stores result in increased enterocyte (cae+]i . The activation of PKC further appears to be the 
important intracellular mediator pathway involved in Ca2+-dependent stimulation of C. jejuni-induced iarrhoea. 
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1. Introduction 
Campylobacterjejuni, animportant food borne pathogen 
has been recognized as one of the most important causes 
of bacterial diarrhoeal illness in both the developed and 
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developing countries [1,2]. Campylobacter jejuni isolates 
from patients with secretory diarrhoea, produce a heat 
labile enterotoxin which is immunobiologically similar to 
cholera toxin (CT) and heat labile enterotoxin of Es- 
cherichia col± (LT) [3-8]. Both culture supematant and 
live cells of toxigenic strains of C. jejuni have been 
reported to induce fluid accumulation in ligated rat ileal 
loops [3,4,6,8] and disrupt normal ion transport when 
perfused in vivo through rat intestine [9]. The mechanism 
by which C. jejuni enterotoxin (CJT) alters fluid and 
electrolyte transport and induces fluid secretion in the 
intestine of human as well as in experimental nimals is 
not known, although earlier it has been suggested that 
effects of CJT are caused by an increase in the intracellular 
levels of cAMP probably in a similar way as for CT [3]. 
Alterations in fluid and electrolyte movement are of 
prime importance in the pathophysiology of diarrhoeal 
disease. Although secretion in the small intestine in re- 
sponse to various secretagogues has been reported to be 
elicited by increased intracellular levels of three distinct 
intracellular mediators: cAMP, cGMP and Ca 2÷ [10-13] 
but Ca 2+ has been recently established as an important 
regulator of small intestinal and colonic active Na + and 
C1- transport [10-14]. The effects of Ca 2÷ on the ileal 
electrolyte transport have been suggested through the acti- 
vation of calmodulin (CAM) and protein kinase C (PKC) 
branches of the Ca 2÷ messenger system. Calmodulin and 
PKC-dependent processes are heavily involved in the regu- 
lation of intestinal NaC1 transport [15,16] and it is widely 
recognized that the stimulation of PKC activity promotes 
electrolyte and water secretion [17-20]. Also now there are 
evidences that cyclic nucleotides, Ca 2+ and CaM can 
interact o regulate intestinal electrolyte transport [14,21] 
and of a complex interrelationship between PKC and 
cAMP in regulating other cellular responses [22,23]. We 
have recently shown a role of Ca2+-CaM in E. col± 
heat-stable nterotoxin (ST) and Giardia lamblia-induced 
diarrhoea [24,25]. Further, a role of PKC in Salmonella 
typhimurium enterotoxin and involvement of PKC in syn- 
ergism with calcium in G. lamblia-induced fluid secretion 
have also been reported [26,27]. In the light of this knowl- 
edge, more recently, we have also reported the involve- 
ment of extracellular calcium and PKC activation in the 
stimulation of C. jejuni-induced fluid and electrolyte secre- 
tion in rat ileum, in vivo [8]. In the present study, we made 
our further efforts to delineate the possible pathophysiolog- 
ical mechanism of C. jejuni-induced iarrhoea. The in- 
volvement of Ca 2÷, CaM and PKC was studied in vitro by 
Ussing Chamber flux experiments in C. jejuni live culture 
infected and control rat ileum. In addition, the intracellular 
Ca 2÷ levels, cAMP levels, in vitro Ca 2÷ transport and 
CaM activity were also measured. 
2. Materials and methods 
2.1. Bacterial strain and cultural conditions 
Campylobacterjejuni (strain C-35-89), a toxigenic strain 
isolated from a local diarrhoeal patient was used in the 
study. This strain was characterized both morphologically 
and biochemically on the basis of standard tests [28,29]. It 
was grown on Mueller Hinton Blood agar plates (Mueller- 
Hinton agar base with 10% defibrinated sheep blood), for 
24 h at 42 ° C in an atmosphere of 5% 0 2, 10% CO 2 and 
85% H 2 using anerobic jar without catalyst. The presence 
of a heat labile CT like enterotoxin in the culture super- 
natant was detected by CHO cell assay [3], ligated rat ileal 
loop assay and by ELISA using monoclonal antibody to 
CT as described elsewhere [8]. 
Table 1 
Effect of Ca 2+ ionophore A23187 (5 /xM) on C. jejuni live culture-induced ratileal Na ÷ and C1- secretion 
Group/Fluxes Control (ueq. cm -2 h- 1) Experimental (ueq. cm- 2 h- 1) 
Period I Period II Period I Period II 
(No addition) (Ca 2 + ionophore) (No addition) (Ca 2 + ionophore) 
Na + fluxes 
mucosal-to-serosal 6.26 i 0.22 5.42 5:0.25 4.58 5:0.31 a 4.27 + 0.47 
serosal-to-mucosal 4.51 5:0.19 8.59 -1- 0.36 c 8.53 + 0.49 b 8.25 + 0.37 
Net flux 1.75 5:0.33 -3.17 5:0.50 c -3.95 + 1.01 a -3.98 ± 1.69 
C1- fluxes 
mucosal-to-serosal 2.40 5:0.11 1.89 ___ 0.14 1.21 ± 0.08 a 1.30 5:0.06 
serosal-to-mucosal 3.42 ± 0.15 6.05 + 0.06c 5.25 5:0.13 b 5.53 ± 0.16 
Net flux - 1.02 _ 0.15 -4.16 5:0.35 c -4.05 + 0.24 b --4.23 ± 0.49 
Values are expressed as mean + S.E. n = 6 animals in each group. Control animals were injected intraluminally with 1 ml of sterile Mueller Hinton Broth 
(MHBs) and experimental animals with C. jejuni culture broth containing 2- 108 cfu/ml. Ileal Na +, C1- transport was studied 18 h post infection in short 
circuited unstriped rat ileum as described inSection 2. For each tissue there were two flux periods. Period I (basal period) was of 45 rain interval beginning 
10 rain after the addition of radioisotopes. During this period, steady-state fluxes were measured. During period II (test period) Ca 2+ ionophore A23187 (5 
/.rM) was present serosally and flux measurements were completed in another 45 min interval beginning 10 min after the equilibration period. 
"/net =JsM --JMs and it was obtained from paired tissues from the same animal matched to differ in (conductance, G) by less than 20%. a (p < 0.01), 
b (p < 0.001) as compared to the control group (unpaired t test), c (p < 0.001) as compared to in the absence of Ca 2÷ ionophore in the same group 
(paired t test). 
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2.2. Preparation of bacterial inoculum 
The bacterial inoculum was prepared by inoculating 
five to six colonies of C. jejuni into a 50 ml of conical 
flask containing 10 ml of iron supplemented Mueller-Hin- 
ton Broth 1.0 /xg FeCl3/ml (MHBs). After 18 h incuba- 
tion at 42°C under microaerophilic conditions, 1 ml of 
culture broth containing 2-108 colony forming units 
(cfu/ml) was instilled into ligated rat ileal loops. The dose 
of inoculum was standardized by determining 50% infec- 
tive dose (IDs0). This was done by instilling one ml each 
of 10 different serial dilutions in the range of 10 -3 -- 10 -12 
of culture broth in a single ligated ileal loop in each animal 
of 10 groups. Where each group was comprised of 8 rats. 
The ability of the strain to cause fluid accumulation i
ligated rat ileal loops with rat ileal response (ml/cm 
ratio) = 0.35 in 50% of the animal tested in a group was 
taken as the indication for infection. The IDs0 was found 
to be 2.108 cfu/ml as calculated by the method of Reed 
and Muench [30]. 
2.3. Rat ileal loop assay 
Adult male albino Wistar rats (150-170 g) were em- 
ployed in the study. The ligated rat ileal loops were made 
according to the method described previously [8] except 
that a single ileal loop of 10 cm [4] in length was con- 
structed in each animal. In experimental (C. jejuni live 
culture infected) group, each animal was injected with one 
ml of bacterial inoculum containing 2.108 cfu/ml. 
Whereas in control group, 1 ml of sterile MHBs was 
instilled into the loop in each animal. 18 h after infection 
the animals were killed and loop segments were excised 
quickly to measure lectrolyte fluxes. 
2.4. In vitro measurement ofNa +, C1 ~ fluxes 
The unidirectional Na ÷ and CI- fluxes were measured 
as described by Donowitz et al. [15] with modifications 
[24]. In brief, the loop segments were flushed with physio- 
logical saline PBS (pH 7.4) and cut along the mesenteric 
border. The unstriped ileal segments were mounted as a 
flat sheet between the two halves of a perspex Ussing 
Chamber. The mucosal and serosal surfaces of the tissue 
were bathed with Kreb's Ringer bicarbonate buffer con- 
taining (in mM) 140 Na ÷, 5.2 K +, 1.25 Ca 2÷, 1.2 Mg 2+, 
119.8 CI-, 25 HCO3, 2,4 HPO 4 and 0.4 H2PO 4 (pH 7.4 
after gassing with 95% 02, 5% CO2). In addition, 10 mM 
D-glucose was added to the serosal, and 10 mM D-mannitol 
to the mucosal bathing fluid at the time of mounting the 
tissues. The tissues were oxygenated and maintained at 
37°C throughout the study period. Transmural potential 
difference (PD), short circuit current (ISc) and tissue con- 
ductance (G) were recorded. Spontaneous PD was short 
circuited with an automatic voltage clamp. Sodium and 
chloride fluxes were measured, simultaneously in the short 
circuited tissue, using 0.2 /xCi each of 22Na and 36C1 
added to either mucosal or serosal reservoirs. Unidirec- 
tional (mucosal-to-serosal (JMs), serosal-to-mucosal (JsM) 
fluxes were measured in paired tissue match to differ in G 
by not more than 20%. Unidirectional fluxes were used to 
calculate a net flux for each tissue pair. If the net flux 
('/net) was towards ecretion (mucosal) side, then negative) 
( - )  sign had been assigned to it and in case of absorption 
(serosal), the positive (+)  sign had been assigned. 
To delineate the pathophysiological mechanism, sepa- 
rate experiments were performed, to determine the effects 
of modulators/drugs (see below) on changes in transport 
caused by C. jejuni infection and on the changes in basal 
transport of control group. At a time, the effect of a single 
modulator/drug was studied. Period I (the basal period) 
was of a 45 min interval beginning 10 min after the 
addition of isotopes. During this period no modulator/drug 
was present and steady state fluxes were calculated from 
three samples taken at 15 min intervals tarting 10 rain 
after the addition of isotopes. The modulators/drugs were 
immediately added at the end of this period and after a 
new equilibration period of 10 min, three samples were 
taken after every 15 min (test period). Both mucosal and 
serosal reservoirs were sampled at the beginning and end 
of each interval, the volume removed being replaced with 
unlabelled buffer. For isotope counting the samples (1 ml 
each) were added to 9 ml Bray's Scintillation fluid and 
counted for 22Na and 36C1 in an automatic gamma nd beta 
liquid scintillation counters together with 22Na and 36C1 
standards, respectively. 
2.5. Modulators/drugs used 
The modulators/drugs (Sigma Chemical, USA) used 
were: Ca 2÷ ionophore A23187 (5 /xM); Calcium channel 
blocker 1-verapamil (100 /xM); dantrolene - (a muscle 
relaxant, (1-5[p-nitrophenyl]furfurildene-amino hydantoin 
sodium hydrate) known to 'trap' calcium inside the intra- 
cellular stores (25 /.tM), widely used CaM antagonist 
N-6-(aminohexyl)-5-chloro- 1-naphthalene-sulfonamide 
(W-7, 100 /xM); PKC activator phorbol-12-myristate 13-
acetate (PMA, 100 ng/ml); the selective PKC inhibitor 
1-(5-isoquinolinyl)-2-methyl piperazine (H-7, 60/xM). The 
concentrations of these modulators/drugs shown in paren- 
theses were their maximal effects on ileal transport (de- 
termined and standardized by preliminary experiments, 
data not shown). For dantrolene, the saturated solution 25 
/xM was used as described by Donowitz et al. [31]. 
2.6. In vitro Ca 2 + transport (flux) measurements 
For the measurement of unidirectional (mucosal-to- 
serosal and serosal-to-mucosal) fluxes, the ileal tissues 
were mounted in the perspex Ussing Chambers as de- 
scribed above. Both sides of the mounted tissues were 
bathed with Kreb's Ringer bicarbonate buffer having same 
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ionic concentrations with [Ca 2+ ] = 1.25 mM, described 
above. Ion flux studies were performed under short circuit 
conditions using 45Ca (0.2 ~Ci) as a tracer. Tissues pairs 
(from same animal) that differed in electrical conductance 
(G) by > 20% were discarded. There was only single 
study period (period 1) of 40 min interval starting 10 min 
after the isotope addition. Steady state fluxes were calcu- 
lated from four samples taken at 10 min intervals. Proce- 
dure remained same as described above. Jnet of each tissue 
pair was calculated as the arithmetic difference between 
the unidirectional JMs and JsM fluxes. A negative sign 
before a net ion flux indicates ecretion; a positive sign 
absorption. 
2. 7. Isolation of enterocytes 
of a 2 ml stirred enterocyte suspension kept at 37 ° C were 
monitored in a SFM 25 Spectroflourimeter (Kontron In- 
struments, Italy) at an emission wave length of 510 nm 
using single excitation wave length of 340 nm. The [Ca 2÷ ]i 
was calculated by the equation: [Ca2+] i=Kd×(F -F  
min)/(Fma x - F). A dissociation constant (K d) of 224 nm 
for the Fura-2/Ca 2÷ complex was used, Grynkiewicz et 
al. [34]. Fma x was determined after the addition of 10 
mmol/1 digitonin to disrupt the cells. Fmi n was obtained 
by setting [Ca2÷] i 1 nM by adding 2 mM EGTA and 
enough Tris base to increase pH to > 8.3. Autofloures- 
cence of unloaded cells was substracted before measure- 
ment of loaded cells. Autoflourescence at the above wave- 
lengths represented < 12% of total signal. For each sam- 
ple determinations were done in triplicate. 
For the isolation of enterocytes, the loop segments 
isolated from control and C. jejuni live culture infected 
animals, were flushed with warm 0 2 saturated, 
Phosphate-buffered saline (PBS, pH 7.4) dispensed from a 
50 ml syringe to force out the intestinal contents. The 10 
cm long loop segments were cut into half and the entero- 
cytes were isolated by Chelation-elution method as de- 
scribed by Pinkus [32]. The viability of the enterocytes was 
> 90% as assessed by 0.2% trypan blue cytoplasmic ex- 
clusion test and by measuring the rate of lactate dehydro- 
genase (LDH) release into the medium [33]. The purity of 
the enterocytes was also assessed. Our cell preparation was 
found to be corn posed of > 90-95% epithelial cells when 
viewed under phase contrast microscope as well as when 
stained preparations were examined microscopically. The 
cells were sedimented, washed and suspended in Hanks 
buffered saline with HEPES (pH 7.4, oxygenated with 
95% 0 2, 5% N 2) and used for [Ca2+]i measurements 
which were completed within 45-50 min. 
2.8. Measurements of intracellular calcium concentrations 
[Ca2 + ]i 
For the measurement of [Ca 2÷ ]i, enterocytes isolated as 
above were suspended in calcium-free Hanks-buffered 
saline (HBS) containing (in mM): 137 Na ÷, 5 K ÷, 142 
CI-, 0.9 Mg 2+, 0.4 SO 2-, 0.3 HPO 4, 0.4 H2PO4, 20 
HEPES (pH 7.4) and incubated with 5 /xM Fura-2AM 
(dissolved in DMSO) for 10 min at 37 ° C. The final 
DMSO concentration was 0.1% (v/v). Omission of Ca 2+ 
minimized the activity of any carboxyl esterases released 
from damaged cells. After 10 min, extracellular Ca 2+ was 
restored to 1 mM and the incubation was continued for 
another 20 rain. To facilitate dye loading incubations were 
done at 37 ° C with gentle shaking. After loading, the cell 
suspension was washed twice and diluted 3-fold with 
warm HBS. Equal 5 ml aliquots were removed and diluted 
2-fold with HBS and centrifuged at 200 × g for 1 rain. 
Pellets were resuspended in 2 ml HBS to yield 1-3- 10 6 
cells/ml and transferred toa cuvette. Fluorescence hanges 
2.9. Measurement of cAMP levels 
The effect of C. jejuni infection on cAMP levels were 
measured in the isolated enterocyte suspension. Briefly the 
enterocytes from control (sterile MHBs treated rats), C. 
jejuni live culture and culture supernatant infected rat 
ileum were isolated and collected as a pellet as described 
above. The pellet was resuspended in 50 mM Tris-HC1 
buffer (pH 7.5) containing 4 mM EDTA and a phospho- 
diesterase inhibitor, isobutylmethylxanthine (IBMX); 1 mM 
to prevent he enzymatic degradation of cAMP, sonicated 
for 20 s. After boiling for 10 min in a boiling water bath, 
the coagulated protein was separated by centrifugation a d 
the protein content of the supernatant was estimated [35]. 
cAMP levels in the supernatant were assayed at appropri- 
ate dilutions, by using commercially available radioim- 
munoassay kit (cyclic AMP assay system, Amersham In- 
ternational Plc, UK). The determinations were done in 
triplicate for each sample. The results were expressed as 
pmol/mg protein. 
2.10. Preparation of microvilli and extraction of CaM 
prom microvilli 
Intestinal microvilli were prepared as described by 
Kessler et al. [36]. The protein content of the microvilli 
was estimated [35]. The CaM was extracted from the 
microvilli by the method of Howe et al. [37]. In brief, 
brush border membrane was separated from the underlying 
microvillar core by suspending the microvilli in 40 mM 
Tris-HC1 (pH 8.0) containing 1% Triton X-100. The sus- 
pension was centrifuged at 31000×g for 30 min. 
Calmodulin was assayed in both the pellet (microvillar 
core) and the supernatant containing detergent solubilized 
membranes. To extract CaM from the microvillar core, the 
pellet was suspended in 10 mM Tris-HC1 buffer (pH 7.3) 
and boiled for 5 min in a boiling water bath. The suspen- 
sion was centrifuged and supernatant was assayed for CaM 
by the method of Wallace et al. [38]. 
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2.11. Measurements of CaM activity 3. Results 
The assay was carried out in 12 x 75 mm glass tubes in 
a reaction volume of 100 txl. Briefly, to 40 txl of the 
reaction mixture containing 40 mM Tris-HC1 (pH 8.0), 3 
mM MgSO 4 and 50/zM CaC12, 20/xl of cyclic nucleotide 
phosphodiesterase (20 /xg) and 20 /xl of CaM standard 
(700 ng) or tissue extracts (pellet/supernatant isolated 
above) that had been appropriately diluted with 0.1% 
lipid-free BSA were added to bring up the volume up to 80 
/zl. Use of 0.1% lipid-free BSA as a diluent minimized the 
loss of CaM to the walls of the tubes. The reaction was 
initiated by adding 20 /xl of 2 mM [3H]cAMP and incu- 
bated for 10 min at 30 ° C. The reaction was terminated by 
transferring the tubes to a boiling water bath for 1 min. 
After thermal equilibration to 30 ° C, 20 /xg o£ 1 mg/ml  
snake venom (5'-nucleotidase, Western diamond black rat- 
tle snake venom, Crotalus atrox-Sigma) was added and the 
reaction mixture was incubated for an additional 15 min. 
Crotalus atrox venom was used because it is a convenient 
source of 5'-nucleotidase and exhibits no detectable phos- 
phodiesterase activity. [3H]adenosine formed was sepa- 
rated from unreacted cAMP by adding 1 ml of 33% (w/v)  
slurry of an anion-exchange r sin (Dowex-50, 1 x 8C1- 
Sigma, pH 5.0) to the reaction mixture and tubes were 
vortexed briefly. The resin was sedimented by centrifuga- 
tion at 12 000 × g for 15 min. One half ml of the super- 
natant was counted for radioactive adenosine in a Rackbeta 
1215 Liquid Scintillation Counter. In the case of CaM 
inhibitor studies, the reaction mixture contained 50 /zM 
W-7. 
To calculate the specific activity (nmol of cAMP hydro- 
lyzed per mg of PDE per min) of the enzyme, it was 
necessary to determine the input counts, efficiency of the 
anion exchanger for binding of cAMP and recovery of 
adenosine. To determine the input counts the reaction was 
conducted as above except that the anion-exchange r sin 
was replaced with 1.0 ml of water. The efficiency of 
cAMP binding to the resin was found to be 96% as 
determined by heating the assay tubes for 1 min prior to 
the addition of cAMP, in order to inactivate phospho- 
diesterase activity. The recovery of adenosine was detected 
by boiling the 3H reaction tube for 1 min and [3H]cAMP 
was substituted with [3H]adenosine. A 0.5 ml aliquot of 
the reaction mixture was similarly counted and recovery of 
adenosine was 70%. 
2.12. Statistical analysis 
All values are expressed as means SEA data from six 
animals in each group was given, unless otherwise indi- 
cated. An unpaired Student's t test was used to compare 
the results of the control and infected groups; paired t test 
was applied between the same groups. Significant differ- 
ences were accepted at P < 0.05. 
3.1. Effect of C. jejuni infection on in vitro rat ileal Na ÷ 
and CI-  transport 
In all in vitro transport experiments, initially the ileal 
Na + and C1- fluxes were measured across the short 
circuited rat ileum in Ringer's bicarbonate buffer with 10 
mM D-glucose, during period I that is in the absence of a 
drug/modulator. It was observed that there was net ab- 
sorption of Na ÷ (usual range 1.15 _ 0.64 to 2.63 + 0.18 
ueq. cm -2 h -1) and marginal secretion of C1- (usual 
range -0 .90+ 0.25 to -1 .50 +0.26 ueq. cm -2 h -1) 
ions in the control (uninfected; MHBs treated)animals. In 
experimental (C. jejuni live culture infected) animals, a net 
secretion of Na ÷ (usual range -2 .16 + 0.70 to -3.95 _ 
1.01 ueq. cm -2 h -1) and enhanced secretion of CI- 
(usual range -4 .02 + 0.09 to -4 .73 + 0.31 ueq. cm -2 
h -1) ions was seen. This change is net Na ÷ and C1- 
transport following C. jejuni live culture infection was 
always found to be significant (P  < 0.001) when com- 
pared with the control rat ileal transport. Thus, the data 
show that during C. jejuni infection there is increased 
secretion of Na + and C1- ions as compared to the normal 
Na ÷ absorption and marginal secretion of C1- ions, in rat 
ileum. 
3.2. Role of calcium in mediating C. jejuni-induced Na ÷ 
and CI-  secretion 
The increased secretion and decreased absorption of 
electrolytes in the intestine during diarrhoeal pathophysiol- 
ogy is known to be associated with the elevated levels of 
second messengers [10-12]. In an effort to determine the 
involvement of Calcium in mediating C. jejuni-induced 
fluid and electrolyte secretion, the ion transport studies 
were performed in the presence or absence of 5 /xM Ca 2÷ 
ionophore A23187; 100 /.~M 1-verapamil and 25 /xM 
dantrolene. The effect of each modulator/drug was studied 
separately. 
3.3. Effect of Ca 2 + ionophore 
Table 1 shows that there was significant increase in the 
Js~ of Na ÷ and CI- (P  < 0.001) in the control group, 
when 5/xM Ca 2÷ ionophore was added to the serosal bath 
medium after the completion of period I (basal period). 
This resulted in net secretion of Na ÷ ( -  3.17 + 0.50 ueq. 
cm -2 - 1 ionophore added vs. 1.75 + 0.33 ueq. cm -2 h -1 
no ionophore P < 0.001, n = 6) and enhanced secretion of 
CI- ( -4 .16  + 0.35 uequ. cm -e h -1 ionophore added vs. 
- 1.02 + 0.15 ueq. cm -2 h -1 no ionophore P < 0.001, 
n = 6). The JMs fluxes of these ions remained unaltered in 
the control group. In experimental group (n = 6), the 
addition of ionophore to infected rat ileal tissue failed to 
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Effect of 1-verapamil (100 /~M) 
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on C. jejuni live culture-induced rat ileal Na ÷ and C1- secretion 
Group/Fluxes Control (ueq. cm -2 h -1) Experimental (ueq. cm-2 h- 1) 
Period I Period II Period I Period II 
(No addition) (1-verapamil) (No addition) (1-verapamil) 
Na + fluxes 
mucosal-to-serosal 7.09 i 0.36 6.66 + 0.54 4.23 + 0.20 a 7.06 + 0.30 c 
serosal-to-mucosal 5.00 ___ 0.32 4.44 ± 0.41 7.59 + 0.25 a 5.07 ± 0.34 c 
Net flux 2.09 ± 0.12 2.22 ± 0.23 - 3.36 ± 0.27 b 1.99 + 0.30 d 
CI- fluxes 
mucosal-to-serosal 2.50 ± 0.18 1.96 + 0.05 1.27 ± 0.09 ~ 4.03 ± 0.07 d 
serosal-to-mucosal 4.02 ± 0.12 3.27 ± 0.05 6.00 + 0.24 b 4.37 + 0.07 d 
Net flux - 1.50 + 0.26 - 1.31 ± 0.10 -4.73 ± 0.31 a -0.34 ± 0.21 c 
Values are expressed as mean + S.E. n = 6 animals in each group. Studies were performed as described in the legend to Table 1 and in Section 2, with two 
flux periods for each tissue. Period I (basal period) was of 45 min interval beginning 10 min after the addition of radioisotopes. In Period II (test period) 
1-verapamil (100 Ixm) was added serosally and flux measurements were done for another 45 min interval beginning 10 min after the addition of 
1-verapamil a (p < 0.001), b (p < 0.001) as compared to the control group (unpaired t test). ¢ (P < 0.01) d (p < 0.01) as compared to in the absence of 
1-verapamil in the same group (paired t test). 
induce a signif icant change in the net Na ÷ and C I -  
secretion. This shows that Ca 2+ ionophore mimicked the 
effects of  infect ion and failure of  ionophore to induce 
further Na ÷ and C1- secretion in the infected group 
indicates that the st imulation of Ca 2 ÷ uptake due to the C. 
]ejuni l ive culture infect ion over lapped that of  Ca 2÷ 
ionophore. 
3.4. Effect of 1-verapamil 
The calcium channel blocker, 1-verapamil  (100 /xM), 
reversed signif icantly (P  < 0.001, n = 6) the C. jejuni l ive 
culture- induced net secret ion of  Na ÷ and C1- ( -  2.16 + 
0.70 and - 4.23 + 0.24 ueq. cm -2 h -  1, respectively) ions 
to net absorption of  Na ÷ and decreased secret ion of  C1 - 
(1.99 _ 0.30 and -0 .34  +__ 0.21 ueq cm -2 h -1,  respec- 
tively) ions (Table 2). The effect of  1-verapamil  on rat 
ileal transport in control animals (n = 6) was statistically 
non significant. Thus, the specif ic ant±secretory action of  
1-verapamil  n the exper imental  group further conf i rms the 
involvement of  extracellular Ca 2 + sources in mediat ing C. 
jejuni-induced ileal electrolyte secretion. 
3.5. Effect of dantrolene 
Dantrolene is known to prevent he release of  calcium 
from intracellular stores [39,40] and was used here to 
probe the role o f  intracellular Ca 2÷ stores in regulating the 
C. jejuni-induced iarrhoea (Table 3). In control rat ileal 
t issue addit ion of dantrolene although resulted in an in- 
creased absorption of  Na ÷ and a decreased C1- secretion 
(occurring marginal ly) but the changes induced were not 
significant. The serosal addit ion of  dantrolene (25 /xM) 
decreased signif icantly (P  < 0.05) C. jejuni l ive culture- 
induced Na ÷ secretion ( -1 .00+0.11  ueq. cm -2 h -1 
dantrolene added vs. -2 .22  +__ 0.20 ueq. cm -2 h -1 no 
dantrolene, n = 6). Similarly there was signif icant decrease 
in C. jejuni l ive culture- induced C1- secretion ( -2 .66  + 
0.20 ueq. cm -2 h -1 dantrolene added vs. -4 .36  + 0.21 
ueq. cm -2 h -  1 no dantrolene, P < 0.01, n = 6). This was 
Table 3 
Effect of Dantrolene (25 /xM) on 
Group/Fluxes Control (ueq. 
C. jejuni live culture-induced rat ileal Na + and C1- secretion 
cm -2 h- 1) Experimental (ueq. cm- 2 h- 1) 
Period I Period II Period I Period II 
(No addition) (dantrolene) (No addition) (dantrolene) 
Na + fluxes 
mucosal-to-serosal 6.11 + 0.11 6.92 + 0.09 3.80 + 0.07 a 4.91 + 0.05 c 
serosal-to-mucosal 4.74 + 0.09 5.25 + 0.08 6.02 + 0.11 b 5.91 + 0.04 
Net flux 1.37 + 0.12 1.77 + 0.04 -2.22 + 0.20 a - 1.00 + 0.11 a 
CI- fluxes 
mucosal-to-serosal 2.46 ±_ 0.10 2.98 + 0.09 1.40 ± 0.05 b 2.47 + 0.04 d 
serosal-to-mucosal 3.78 + 0.10 3.90 + 0.05 5.76 + 0.07 a 5.13 + 0.22 
Net flux - 1.32 _ 0.08 - 0.82 + 0.08 - 4.36 + 0.21 a - 2.66 + 0.20 ¢ 
Values are expressed as mean ± S.E. n = 6 animals in each group. Ion transport studies were performed as described in the legend to Table 1 and in 
Section 2 with two flux periods for each tissue. After the completion of Period I (basal period) of 45 min interval beginning 10 min after the addition of 
radioisotopes, dantrolene (25/~M) was added to the tissue serosal surface. The effect of dantrolene was then studied for another 45 rain interval. (Period II 
test period) beginning 10 min after the equilibration period, a (p < 0.001) and ~ (P < 0.01) as compared to the control group (unpaired t test). 
c (p < 0.01) and d (p < 0.05) as compared to in the absence of dantrolene in the same group (paired t test). 
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Table 4 
Undirectional fluxes of Ca 2+ across the control and C. jejuni live culture 
infected rat ileum 
Group/Fluxes Control (neq. Experimental (neq. 
cm -2 h -1) cm-2 h -1) 
Ca 2+ Fluxes 
mucosal-to-serosal 15.26 ± 1.06 40.57 + 0.94 a 
serosal-to-mucosal 20.92 + 1.51 28.52 5:2.19 b 
Net flux - 5.66 ± 2.38 12.05 + 3.61 a 
Control group animals were infected intraluminally with one ml of sterile 
Mueller Hinton Broth (MHBs) and experimental nimals with C. jejuni 
culture broth containing 2.108 cfu/ml. [Ca 2+ ]= 1.25 mM, Ringer's 
bicarbonate buffer (pH 7.4). Jnet = JSM -- JMS and it was obtained from 
paired tissues (unstriped) from the same animal match to differ in 
(Conductance G) by less than 20%. Units of fluxes neq cm -2 h -  a n = 6 
animals in each group. Values are expressed as mean + S.E. Fluxes were 
determined over a 45 min interval starting 10 min after the addition of 
radioisotope (45Ca). a (p  < 0.001) and b (p  < 0.05) as compared to the 
control group (unpaired t test). Ileal Ca 2+ transport was studied 18 h 
post infection ( - )  sign = secretion, ( + ) sign = absorption. 
due to an increase  in mucosa l - to -serosa l  f uxes  o f  Na  ÷ 
(P  < 0.01)  and C1-  (P  < 0.05)  in the exper imenta l  ani-  
mals .  It is thus suggested  that the cytop lasmic  Ca 2+ mo-  
b i l i sed f rom intracel lu lar  s tores  is part ia l ly  invo lved  in C. 
jejuni-induced secretory  process .  
3.6. In vitro Ca 2 + transport 
The t ransmura l  Ca 2+ f luxes  were  measured  across  the 
cont ro l  and in fec ted  rat i leum at a [Ca2+] = 1.25 mM 
(Kreb 's  R inger  HCO 3 buf fer )  w i th  the PD nul l i f ied by 
pass ing  short  c ircuit  current.  There  was  net  secret ion  o f  
Ca 2÷ ( -5 .66  _ 2.38 neq cm -2  h -1,  n = 6) in the contro l  
an imals .  In C. jejuni l ive cul ture in fected  group,  net  
absorpt ion  o f  Ca 2÷ (+ 12.05 __+ 3.61 neq.  cm -2  h -1 ,  n = 6) 
was  observed  (Table  4). These  results  fur ther  s t rengthen  
ours  observat ions  that dur ing  C. jejuni in fect ion,  there was  
net  shi f t  o f  Ca 2+ f rom he extrace l lu lar  mi l ieu  to the 
enterocytes .  
3. 7. Effect of  C. jejuni infection on [Ca 2 +]i 
The intracel lu lar  Ca 2+ levels  were  measured  in the 
enterocytes  iso lated f rom contro l  and C. jejuni l ive culture 
in fec ted  i leum. The  iso lated enterocytes  w i th  < 90% via-  
bi l i ty were  loaded for  30 min  w i th  5 / zM Fura -2AM and 
f luorescence  measurements  were  made us ing  exc i tat ion  
wave length  o f  340 nm and emiss ion  wave length  o f  510 
nM.  [Ca2+] i was  s ign i f i cant ly  (P< 0.001)  ra ised in the 
enterocytes  f rom in fec ted  group  (273 + 37 nM,  n = 6) as 
Table 5 
Intracellular Ca 2÷ concentrations [Ca 2+ ]i and cyclic adenosine monophosphate (cAMP) levels in enterocytes isolated from control and C. jejuni infected 
rat ileum 
[ Ca2+ ]i CAMP levels pmol/mg protein 
Enterocytes from Control group (n = 6) 125 -I- 16 nM 2.80 + 0.57 
Enterocytes from C. jejuni live culture infected group (n = 6) 273 + 37 nM 5.39 + 0.28 c 
Enterocytes from C. jejuni culture supematant treated group (n = 6) 225 + 23 nM b 4.75 + 0.35 c 
[Ca :+ ]i was measured by loading isolated enterocytes with 5 /xM Fura-2AM at 37 ° C for 30 min as described in Section 2. Fluorescence measurements 
were monitored at 510 nm using single excitation wavelength of 340 nm. n = number of animals tudied. Values are expressed as mean 5: S.E. For each 
animal sample the determinations of [Ca 2÷ ]i and cAMP levels were done in triplicate, a(p  < 0.001) and b (p  < 0.01) as compared to the control [Ca 2+ ]i 
(unpaired t test), c (P  > 0.01) as compared to control cAMP levels. 
Table 6 
Effect of CaM antagonist W-7 (100 /zM) on C. jejuni live culture-induced rat ileal Na + and CI- secretion 
Group/Fluxes Control (ueq. cm - 2 h - 1) Experimental (ueq. cm - 2 h-  a ) 
Period I Period II Period I Period II 
(No addition) (W-7) (No addition) (W-7) 
Na + fluxes 
mucosal-to-serosal 7.38 + 0.30 7.52 + 0.31 5.62 + 0.20 a 5.32 _+ 0.15 
serosal-to-mucosal 4.75 + 0.31 4.44 + 0.21 8.29 + 0.30 b 7.73 _+ 0.25 
Net flux 2.63 + 0.18 3.08 + 0.08 c -2.62 + 0.24 b -2.41 _+ 0.18 c 
CI- fluxes 
mucosal-to-serosal 2.30 5= 0.11 2.46 + 0.10 1.36 + 0.13 1.48 + 0.14 
serosal-to-mucosal 3.76 + 0,13 3.90 + 0.08 5.71 + 0.14 a 5.77 5:0.15 
Net flux - 1.46 + 0.04 - 1.44 + 0.08 -4.35 5:0.07 b --4.24 + 0.13 c 
Values are expressed as mean + S.E. n = 6 animals in each group. Flux experiments were carried out as described in the legend to Table 1 and Section 2 
with two flux periods for each tissue. Period I (basal period) was of 45 min interval beginning 10 min after the addition of radioisotopes during this period 
steady state fluxes of Na ÷ and C1- were measured. After the completion of Period I, W-7 (100 p~M) was added to the tissue serosal surface. The effect of 
W-7 was then studied for another 45 min interval (period II test) beginning 10 min after the equilibration period, a (p  < 0.01) and b (p  < 0.001) as 
compared to the control group (unpaired t test), c (p  > 0.05 non significant) when compared to in the absence of W-7 in the same group (paired t test). 
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Table 7 
Calmodulin estimation (activation of 3'5' cyclic nucleotide phosphodiesterase) 
Fraction Activity at 30 ° C (nmol of cAMP hydrolysed 
min- 1 mg- 1 phosphodiestease) 
No Inhibitor 50/zM W-7 
No addition (basal activity) 
Calmodulin (700 ng) Standard 
Control detergent sohblised brush 
border membrane (20/xg) 
Experimental detergent solublised brush 
border membrane (20/~g) 
Control microvillar core (20/xg) 
Experimental microvillar core (20/~g) 
6.380 5:2.03 6.37 5:2.45 
53,05 5:0.94 a 8.91 + 1.73 
7.24 + 0.28 7.09 5:0.83 
7.31 + 0.14 7.21 5:0.68 
16.27 + 3.59 b 5.90 5:2.23 d 
15.76 + 3.05 6.49 5:2.00 d 
Calmodulin (CAM) estimation was done by the method of Wallace et al. [38] which determines the ability of CaM to stimulate phosphodiesterase ctivity. 
Values are expressed as mean 5: S.E. animals in each group, a (p < 0.001) and b (p < 0.01) as compared to the basal activity, i.e., only phosphodiesterase. 
c (p < 0.001) and d (p < 0.01) as compared to in the absence of W-7 (50 g,M the half maximal concentration). 
compared to the control group (125 +__ 16 nm, n = 6) (Ta- 
ble 5). There was also signif icant increase (P  < 0.01) in 
[Ca2+] i in the enterocytes isolated from C. jejuni culture 
supernatant infected rat i leum (400 /xg crude prote in /ml  
per loop), [Ca2+]i = 225 + 23 nM, n = 6 as compared to 
in the control enterocytes [Ca 2÷ ]i = 125 + 16 nM, n = 6. 
Taken together, these data suggest that during entero- 
toxigenic C. jejuni infection, the enterocyte [Ca2+]i; in- 
creases due to the net shift of  Ca 2 + from the extracellular 
mi l ieu to the enterocytes as wel l  as partial involvement of  
Ca 2+ mobi l isat ion from the intracellular Ca 2+ stores. Since 
the effects of  intracellular Ca 2÷ on intestinal ion transport 
are known to involve the activation of  calmodul in and 
protein kinase C, branches of  the Ca 2÷ messenger system 
[10,16,11], we, therefore, investigated the role of  Ca 2÷-  
CaM complex and PKC in mediat ing C. jejuni l ive cul- 
ture-induced iarrhoea. 
3.8. Role of Ca 2 +-CAM complex in mediating C. jejuni-in- 
duced Na ÷ and C l -  secretion 
The role of  CaM in C. jejuni l ive culture-induced 
secretion was determined with a widely used CaM antago- 
nist W-7 (100 /zM). In addition, the intestinal microvi l lar 
core CaM activity was determined in both the control and 
experimental  groups. Table 6 shows that W-7 when added 
serosally, induced no change in the transport of  Na + and 
C1- in the control group (n = 6). In experimental group 
(n = 6), W-7 also fai led to inhibit C. jejuni-induced net 
secretion of  Na ÷ and C1- ions, showing thereby no role of  
Ca2+-CaM complex in C. jejuni-induced iarrhoea. This 
was further conf irmed by the estimation of  CaM activity in 
the detergent (1% Triton X-100) solubil ised membranes 
and microvi l lar core fractions of  the rat i leum isolated 
from control and infected animals. The method [38] em- 
ployed here for estimation of  CaM activity specif ically 
determines the ability of the CaM to stimulate phospho- 
diesterase activity as detected by the two step assay proce- 
dure illustrated by reactions (1) and (2): 
PDE 
cAMP ~ 5 ' -AMP-(1)  
5' nucleotidase 
5'AMP ~ adenosine +Pi (2) 
Table 7 shows the activation of 3'5' cycl ic nucleotide- 
phosphodiesterase by the detergent solubil ised membranes 
Table 8 
Effect of 4B-phorbol-12-myristate-13-acetate (PMA, 100 ng/ml) on C. jejuni live culture-induced rat ileal Na + and C1- secretion 
Group/Fluxes Control (ueq. cm -2 h- 1) Experimental (ueq. cm- 2 h- 1) 
Period I Period II Period I Period II 
(No addition) (PMA) (No addition) (PMA) 
Na + fluxes 
mucosal-to-serosal 5.43 + 0.19 5.10 + 0.21 c 4.25 + 0.19 a 4.19 + 0.18 
serosal-to-mucosal 4.28 + 0.09 6.98 + 0.36 d 6.38 + 0.05 a 6.46 + 0.15 
Net flux 1.15 + 0.64 - 1.88 5:0.34 d - 2.13 5:0.42 b - 2.27 5:0.13 
C1- fluxes 
mucosal-to-serosal 2.35 5:0.09 2.17 + 0.09 1.18 + 0.04 a 1.24 5:0.04 a 
serosal-to-mucosal 3.25 + 0.09 6.08 + 0.13 d 5.28 + 0.11 a 5.54 5:0.11 a 
Net flux -0.90 5:0.25 -3.91 5:0.15 ~ -4.10 5:0.38 b -430 5:0.36 b 
Values are expressed as mean + S.E. n = 6 animals in each group. Ion transport studies were performed as described in the legend to Table 1 and in 
Section 2 with two flux periods for each tissue. Period I (basal period) was of 45 min interval beginning 10 rain after the isotope addition during this 
period, the study state fluxes were measured. At the completion of Period I, Period II (test period) started and was again of 45 min interval beginning 10 
rain after the serosal addition of PMA (100 ng/ml), a (p < 0.01) and b (p < 0.001) as compared to the control group (unpaired t test), c (p < 0.01) and 
d (p < 0.001) as compared to in the absence of PMA in the same group (paired t tes0. 
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Table 9 
Effect of PKC antagonist H-7 (60 izM) on C. jejuni live culture-induced rat ileal Na + and CI- secretion 
Group/Fluxes Control (ueq. cm -2 h- 1) Experimental (ueq. cm- 2 h- 1) 
Period 1 Period II Period I Period II 
(No addition) (H-7) (No addition) (H-7) 
Na + fluxes 
mucosal-to-serosal 5.60 + 0.21 6.02 + 0.16 4.30 + 0.11 a 5.65 + 0.06 a 
serosal-to-mucosal 3.66 + 0.18 3.98 + 0.16 6.56 + 0.17 b 5.76 + 0.06 e 
Net flux 2.00 + 0.14 2.04 + 0.06 c --2.26 __+ 0.08 b --0.09 + 0.02 f 
C1- fluxes 
mucosal-to-serosal 1.99 + 0.10 2.20 + 0.07 0.90 + 0.10 c 2.20 + 0.08 ~ 
serosal-to-mucosal 2.98 + 0.13 3.46 5:0.07 5.22 + 0.21 b 2.46 + 0.10 f 
Net flux - 0.99 5:0.09 - 1.26 + 0.05 - 4.33 5= 0.09 b 0.26 -1- 0.04 f 
Values are expressed asmean + S.E. n = 6 animals in each group. Ion transport s udies were performed as described in the legend to Table 1 and in 
Section 2with two flux periods for each tissue. Period I (basal period) for steady state flux measurements, wasof 45 min interval beginning 10 min after 
the isotopes addition. Period II (test period) was again of 45 min interval beginning 10 min after the addition of H-7 (60/~M) to the tissue serosal surface. 
a (p < 0.01) and b (p < 0.001) and c (p < 0.05) as compared tothe control group (unpaired t test), d (p < 0.01) and e (p < 0..05) and f (P < 0.001) as 
compared toin the absence ofH-7 in the same group (paired t test). 
and microvillar core fractions of the control and experi- 
mental rat ileum. No CaM activity was found in the 
detergent-solubilised membranes, while CaM activity was 
present mainly in the microvillar core fractions of the same 
animal tissue. No activation of phosphodiesterase activity 
was observed in any of the above fractions, when the CaM 
antagonist W-7 (50 /xM) was added to the reaction mix- 
ture. Since there was no significant difference between 
CaM activities in the microvillar core fractions of the 
control and experimental groups (n = 6, in each group), 
this again shows that C. jejuni-induced ileal Na ÷ and C1- 
secretion is not mediated through the activation of Ca 2÷- 
CaM complex. Otherwise, the microvillar core activity 
would have been raised significantly in the experimental 
group (infected animals). 
3.9. Role of PKC in mediating C. jejuni-induced ileal Na + 
and CI-  secretion 
To investigate the role of PKC, we used phorbol ester 
PMA (100 ng /ml )  a widely used specific PKC activator 
[18] and H-7 (60/xM) a selective classic inhibitor of PKC. 
The effect of these modulators/drugs on unidirectional 
fluxes of Na ÷ and C1- in the control and experimental 
groups was determined separately in the Ussing chamber 
experiments. 
3.10. Effect of PMA 
When PMA (100 ng /ml )  was added to the serosal bath 
medium there was significant (P  < 0.001) increase in the 
JsM of Na ÷ and C1- ions in the control group (Table 8). 
This led to net secretion of Na ÷ ( - 1.88 ± 0.34 ueq. cm -2 
h -1 PMA added vs. 1.15 _+ 0.64 ueq. cm -2 h -1, no PMA) 
and enhanced net secretion of C1- ( -3 .91  ± 0.15 ueq. 
cm -2 h - t ,  PMA added vs. -0 .90  + 0.25 ueq. cm -2 h -1 
no PMA) in control animals (n = 6). The addition of PMA 
to the C. jejuni live culture infected rat ileum could not 
enhance further the secretion of either Na ÷ or C1- which 
suggests that there is overlapping effect of PMA and C. 
jejuni infection. 
3.11. Effect of H-7 
The serosal addition of 60 /xM did not alter the trans- 
port of Na ÷ and C1- in the control group (n = 6) (Table 
9). In the experimental group (n = 6), when H-7 was 
added serosally the C. jejuni-induced net Na ÷ and C1- 
secretion decreased to a highly significant (P  < 0.001) 
level. There was an increase in the mucosal-to-serosal 
fluxes of Na ÷ and C1- (P  < 0.01 and P < 0.05), respec- 
tively) and a significant decrease in the JsM of Na ÷ 
(P< 0.05) and C1- (P  < 0.001) in the C. jejuni live 
culture infected group. This shows that C. jejuni infection 
involves the activation of PKC which is when inhibited by 
H-7, the secretory response decreases significantly. 
3.12. Cycle AMP levels 
There was significant increase (P  < 0.01) in the cAMP 
levels (5.39 + 0.28 pmol /mg of protein) in enterocytes 
isolated from C. jejuni culture broth infected animals 
(n = 6) as compared to the control (MHBs treated) animals 
(2.80 + 0.57 pmol /mg of protein, n = 6) (Table 5). The 
cAMP levels were also determined in the enterocytes 
isolated from the animals infected with C. jejuni culture 
supernatant (400 /xg crude prote in/ml / loop,  n = 6) and 
were found to be significantly (P  < 0.01) raised (4.75 __+ 
0.36 pmol /mg of protein compared to 2.80 _+ 0.57 
pmol /mg of protein in control enterocytes). 
4. Discussion 
The secretory diarrhoea remains one of the most fre- 
quent ailments reported in association with infections due 
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to C. jejuni. Fluid accumulation and altered net ion trans- 
port in response to enterotoxigenic C. jejuni live cells and 
culture supernatant have been reported in vivo in rat small 
intestine [3,4,6,8,9]. However, the pathophysiological 
mechanism(s) involved in C. jejuni-induced fluid and elec- 
trolyte secretion still remains to be defined. In the recent 
past, as a result of large number of studies performed to 
elucidate the mechanism(s) involved in the regulation of 
mammalian small intestinal electrolyte secretion [10-14], 
both the physiology of intestinal ion transport and the 
pathophysiology of diarrhoea re now better understood. 
Intracellular messengers proposed to directly regulate small 
intestinal electrolyte transport include cAMP, cGMP and 
Ca 2÷ [10-12,14-16], the levels of which are known to 
elevated by the extracellular messengers (the intestinal 
secretagogues like hormones, microbial toxins) by a recep- 
tor-mediated activation. However, cellular mechanisms by 
which increased levels of cAMP, cGMP and Ca 2÷ alter 
intestinal ion transport are not fully understood and are 
thought o involve the activation of one or more protein 
kinases which phosphorylate membrane proteins thereby 
altering transport carriers or conductance channels [10- 
12,16,18]. In the light of these studies, recently we have 
shown the involvement of extracellular Ca 2÷ and PKC as 
the important mediators in C. jejuni-induced fluid and 
electrolyte secretion in rat ileum, in vivo [8]. 
In the present study, these findings were again con- 
firmed in vitro by additionally estimating the levels of 
intracellular f ee Ca 2÷, CaM and by studying the role of 
intracellular calcium stores and the in vitro ileal Ca 2÷ 
transport. Since diarrhoeal diseases are accompanied with 
an imbalance between the secretory and absorptive func- 
tions of intestine, the best documented and most com- 
monly recognised mechanism of diarrhoea is a change in 
net active intestinal ion transport [12]. Our study shows the 
unidirectional fluxes of Na ÷ and C1- measured across the 
C. jejuni live culture infected (experimental) and control 
rat ileum. The control animals were the uninfected animals 
which received intraluminally the sterile Mueller-Hinton 
broth (MHBs) that is the medium in which C. jejuni strain 
was grown. In the experimental group, the animals were 
infected intraluminally with C. jejuni culture broth con- 
taining the bacterial cells in late logarithmic of growth, 
instead of crude culture supernatant. The precise reasons 
for this include: (i) the heat labile nature of C. jejuni 
enterotoxin, with lesser storage stability [3]; (ii) It was 
observed that the activity of the CJT in culture supernatant 
decreased significantly following the various procedures 
like ultrafiltration centrifugation and concentration of the 
material, perhaps this may be the reason for limited recov- 
ery of toxin by other workers under in vitro conditions [7]; 
(iii) A stimulation of toxin production was reported after 
gut passage [6] and therefore, it has been suggested that 
larger amounts of toxin may be produced in vivo and (iv) 
the experimental infections are considered more useful in 
the study of pathophysiological mechanism of a disease 
Fig. 1. Histological features of C. jejuni infected rat ileal mucosa, 18 h 
post infection, (Hematoxylin a d eosin, original magnification × 100). 
where the clinical and pathological features resemble 
closely the features of natural infections [41]. When stud- 
ied by Ussing Chamber technique under short circuit con- 
ditions, a net absorption of Na ÷ and a marginal secretion 
of CI- ions was observed in the control rat ileum. The 
spontaneous CI- secretion in control rats is in agreement 
with the earlier work in small intestine of rat [14,42,43]. In 
the C. jejuni infected group, net secretion of Na ÷ and 
enhanced secretion of C1- ions was observed, which was 
due to an increase in JSM and a decrease in the JMS of 
Na ÷ and C1-. Similar but slightly lesser quantitative f- 
fects of C. jejuni culture supernatant (enterotoxin extract) 
were observed on the unidirection fluxes of Na ÷ and C1- 
in the rat ileum (data not shown). These changes in the 
electrolyte transport in the infected animals were not asso- 
ciated with the histopathological damage to the ileal mu- 
cosa (Fig. 1). The histological sections of the ileal tissue 
used to measure the fluxes, revealed no evidence of mu- 
cosal invasion, enterocyte damage, no crypt abscess and 
the crypt villous ratio was found to be normal. This 
indicates that C. jejuni strain appears to produce diarrhoea 
in rats without invading/damaging the mucosa and the 
induced secretory response may be due to the action of C. 
jejuni enterotoxin (released in vivo) on the enterocytes 
through the involvement of second messengers. This is 
consistent with the view [44] that enterotoxins are known 
to alter the cellular transport of electrolytes and water 
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without killing the epithelial cells or producing a signifi- 
cant histological damage, whereas cytotoxins injure and 
kill cells and are therefore associated with histological 
lesions of the mucosa. 
Among the second messengers (cyclic nucleotides, 
Ca 2÷ ) proposed to directly regulate the intestinal ion trans- 
port, Calcium has been reported to play an important role 
in the regulation of intestinal electrolyte transport and 
stimulus-secretion coupling of diarrhoea [10-14]. Increas- 
ing intracellular Ca 2÷ decreases active Na ÷ and C1- 
absorption and/or stimulates active C1- secretion, lower- 
ing intracellular Ca 2+ stimulates Na + and C1- absorption 
[11]. Bolton and Field [45] and Zimmerman [46] have 
reported that increased cellular Ca 2÷ caused by the 
ionophore decreases ileal Na ÷ and C1- absorption and 
probably also increases electrogenic CI- secretion. The 
source of Ca 2+ responsible for rise in cytosolic Ca 2+ by 
ionophore is usually assumed to be extracellular, since it 
has been frequently observed that A23187 failed to elicit a 
cellular response in the absence of extracellular Ca 2÷ 
[10,47]. 
In agreement with our in vivo studies [8], C. jejuni live 
culture-induced electrolyte secretion was found to be a 
Ca2+-dependent process. It was observed that Ca 2+ 
ionophore A23187 stimulated net Na ÷ secretion and aug- 
mented the CI- secretion in the control animals but it 
could not enhance further the net Na + and CI- secretion 
already induced in the C. jejuni infected rat ileum. The 
secretory response stimulated by ionophore in the control 
group was found to be comparable to that of the experi- 
mental animals, which shows that Ca 2+ ionophore mim- 
icked the effects of C. jejuni live culture infection. Assum- 
ing the source of Ca 2÷ mediated by ionophore is princi- 
pally extracellular, it indicates that extracellular calcium 
(i.e., influx) does contribute significantly to C. jejuni-in- 
duced Na ÷ and CI- secretion. The specific antisecretory 
action of 1-verapamil on C. jejuni live culture-induced net 
Na ÷ and CI- secretion strongly suggests the involvement 
of extracellular Ca 2+ source in mediating C. jejuni-in- 
duced diarrhoea. Since similar effects of 1-verapamil and 
Ca 2÷ ionophore were observed on the C. jejuni culture 
supernatant-induced net Na ÷ and CI- secretion (unpub- 
lished observations), it is further suggested that during C. 
jejuni live culture infection, the enterotoxin released in 
vivo may facilitate Ca 2+ gating properties. The involve- 
ment of extracellular Ca 2+ was further confirmed by the 
direct assessment of the intracellular signals such as 
changes in [Ca2+] i with a Ca 2÷ sensitive and fluorescent 
dye Fura-2AM and by looking at the calcium require- 
ments. The latter was carried out by measuring the unidi- 
rectional fluxes of Ca 2+ in unstriped short circuited rat 
ileal tissue by Ussing Chamber technique. There was net 
secretion of Ca 2÷ in the control rat ileum. In C. jejuni live 
culture infected animals, net absorption of Ca 2+ was seen 
which clearly indicates that in C. jejuni-induced iarrhoea 
the secretion of Na ÷ and C1- is associated with the 
increased absorption of Ca 2+ (i.e., influx). This again 
confirms our 1-verapamil and Ca 2÷ ionophore observa- 
tions and is in agreement with our in vivo studies [8]. The 
[ Ca2 ÷ ]i were found to be significantly raised in enterocytes 
isolated from C. jejuni live culture and culture supematant 
treated animals as compared to the enterocytes from con- 
trol animals. Taken together all these observations of the 
present study provide the first direct evidence that C. 
jejuni infection increases intracellular cytosolic free cal- 
cium levels with extracellular calcium as the source for 
increases in [Ca 2÷ ]i. 
Apart from the increased Ca 2÷ entry from extracellular 
milieu to the cells, an increase in [Ca2+] i can also be 
achieved by releasing Ca 2+ from intracellular stores 
[48,49]. Furthermore the involvement of extracellular cal- 
cium does not exclude the possibility of involvement of 
intracellular Ca 2+ stores in a physiological response. We, 
therefore, studied the role of intracellular Ca 2+ stores in 
mediating C. jejuni live culture-induced lectrolyte secre- 
tion by using dantrolene which is a muscle relaxant and 
acts specifically on Ca 2+ channels by reducing the steady 
and phasic leakage of Ca 2÷ fluxes at the plasma mem- 
brane (' trapping' of calcium in intracellular stores because 
of inhibited release). The drug doses not interfere with 
Ca 2÷ entry into the cell [39,40]. The serosal addition of 
dantrolene reduced significantly the C. jejuni live culture- 
induced Na ÷ and CI- secretion, but could not reverse it to 
absorption. This indicates the partial involvement of cy- 
tosolic Ca 2+ mobilised from its intracellular stores in 
mediating C. jejuni live culture-induced lectrolyte secre- 
tion. 
cAMP levels have been known to be elevated in C. 
jejuni enterotoxin treated CHOP cells [3]. In the present 
study we also determined the effect of C. jejuni live 
culture as well as culture supernatant on the cAMP levels 
in the enterocytes. The enterocytes were used to measure 
the cAMP levels since these are the cells in which the 
intestinal Na + and C1- transport actually] takes place. 
Further, it has also been suggested recently that determina- 
tion of mucosal tissue cAMP levels is not a sensitive and 
reliable measure of increase in cAMP production in the 
critical components of epithelium [50]. Both C. jejuni live 
culture and culture supernatant were found to increase 
significantly the enterocyte cAMP levels. The observed 
increase in cAMP levels confirms the earlier findings [3] 
and is in consonance with CJT's effect on CHO cells as 
morphological terations induced in these cells following 
addition of C. jejuni culture supernatant have been re- 
ported due to an increase in intracellular cAMP levels 
[3,511. 
Ca e+ and cAMP are currently the subject of widespread 
investigation as the second messengers that jointly trigger 
and regulate intestinal secretion [52]. Earlier, it has been 
reported that the intestinal secretogogues whether they act 
through cAMP or not require both internal and external 
sources of Ca z+, if they are to produce their full effects 
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[14]. Therefore, the simultaneous involvement of cAMP 
and Ca 2÷ in C. jejuni-induced fluid and electrolyte secre- 
tion is not surprising. There are potential relationships 
between the intracellular Ca 2÷ and cAMP related changes 
in intestinal transport. The combined stimulation of cAMP 
and Ca 2+ messenger systems produced a potentiation of 
secretory response in T84 colonic cell line [23]. Further- 
more, cAMP has been reported to be actively involved in 
the mobilization of Ca 2÷ from the intracellular Ca 2+ 
stores [41,42]. In view of these observations, we further 
speculate a synergistic interaction between the cAMP and 
intracellular Ca 2+ in C. jejuni-induced diarrhoea. Al- 
though both cAMP levels and [Ca2+] i were found to be 
increased significantly in the enterocytes isolated from C. 
jejuni live culture and culture supernatant infected rat 
ileum, but from the present study it is not clear whether the 
effect of cAMP on intracellular events in the enterocytes 
following C. jejuni infection can be explained solely by a 
cAMP-dependent increase in [Ca2+] i. The mechanism of 
interaction between cAMP and Ca 2÷ messenger systems 
for inducing diarrhoea in enterotoxigenic C. jejuni infec- 
tion should be investigated further. 
The mechanism by which elevated intracellular Ca 2÷ 
induces changes in ileal electrolyte transport during C. 
jejuni infection was studied further. Calcium has been 
reported to act by combining with a Ca2+-dependent pro- 
tein CaM. Calmodulin is biologically inactive protein and 
is activated by a rapid but transient rise in cytosolic Ca 2÷ 
after the extracellular messenger (intestinal secretagogue) 
interacts with its plasma membrane receptor and forms an 
active Ca2÷-CaM Complex which in turn activates en- 
zymes like Ca2+-CaM-dependent protein kinases [10]. 
Calmodulin has been identified in the intestinal microvil- 
lus, where it is primarily associated with the micro fila- 
ment core [37]. The active Ca2+-CaM complex has been 
shown to be involved in the regulation of basal intestinal 
ion transport [15,16]. In E. coli ST and Giardia lamblia- 
induced diarrhoea, Ca2+-CaM complex has been reported 
to play an important role and the altered ileal Na + and 
CI- transport was found to be related with increased 
microvillar core CaM activity [24,25]. The majority of 
experiments to determine the involvement of CaM in 
intestinal transport have used drugs which are CaM antag- 
onists. In the present study, we have used the widely used 
CaM antagonist W-7 which is more potent and selective 
for CaM [53]. Since W-7 can also inhibit protein kinase C 
at a concentration 10-fold higher than required to inhibit 
the Ca2+-CaM-dependent kinases [54], the concentration 
necessary to produce 50% inhibition of the activity of 
Ca 2÷ activated phospholipid-dependent pro ein kinase has 
been reported to be 40 /xM [55]. But the concentration f
W-7 (100/zM) used in the present study for flux measure- 
ments was such that it could effect only the Ca2÷-CaM-de - 
pendent protein kinases. 
The measurement of Na ÷ and C1- fluxes in the pres- 
ence of serosal W-7 revealed that it failed to inhibit C. 
jejuni live culture-induced net Na ÷ and C1- secretion, 
thereby suggesting that CaM probably has no role in C. 
jejuni-induced iarrhoea. A direct measurement of the 
CaM activity in the intestinal microvillar core provided 
further support o this contention. The tissue used for CaM 
extraction and estimation was derived from the same in- 
testinal segments of the animal which were used to mea- 
sure fluxes in the presence or absence of W-7. The CaM 
activity was estimated in the microviUar core and detergent 
solubilized brush border membranes of control and in- 
fected animals. Detergent solubilized brush border mem- 
brane showed negligible CaM activity while it was found 
to be present mainly in the microvillar core, demonstrating 
that CaM is not present in brush border membrane but in 
the microvillar core. These findings are in agreement with 
the earlier reports [37]. However, there was no significant 
difference between the microvillar core CaM activity in 
control and infected groups. Further the inhibition of CaM 
activity by 50 /zM W-7 demonstrates that CaM present in 
microvillar core is accessible to W-7. The effect of W-7 on 
CaM stimulation of the cyclic nucleotide-dependent phos- 
phodiesterase activity was initially determined over a range 
of doses from 40 /zM-160 ~M (data not shown) and the 
concentration of W-7 given here was its half-maximal 
effect at 50 /xM. Hence our study involving both the flux 
measurements u ing W-7 and the simultaneous measure- 
ment of CaM activity in the microvillar core strongly 
suggests that CaM branch of the Calcium messenger sys- 
tem is not involved in C. jejuni-induced iarrhoea. 
The C-kinase branch is another distinct mechanism 
responsible for cell response in the Calcium messenger 
System. In the recent past several workers have shown a 
role for protein kinase C in the stimulation of intestinal 
secretion and in stimulus secretion coupling of diarrhoea 
[10,11,16-19,26,27,56]. A suggestion that PKC may di- 
rectly modify the microvillus membrane and thereby regu- 
late electrolyte transport in the enterocytes has also been 
made. The ability of phorbol esters to activate PKC di- 
rectly has provided a valuable tool to probe the role of 
PKC in the intact cells. Phorbol esters are also known to 
increase thee affinity of PKC for [Ca2+] i so that the 
activation of this enzyme occurs at basal [Ca 2÷ ]i [57,58]. 
In regard to the role of PKC in mediating C. jejuni live 
culture-induced fluid and electrolyte secretion, we used 
4B-Phorbol-12-Myristate-13-Acetate-(PMA) which is a di- 
rect and widely used activator of PKC and could be used 
at a lower concentrations [18]. The serosal addition of 
PMA (100 ng/ml) elicited no change in net secretion of 
Na ÷ and CI- in C. jejuni live culture infected group 
whereas it significantly induced the net secretion of Na ÷ 
and C1- in the uninfected control ileum. This suggests that 
during C. jejuni infection the PKC gets activated. Thus, 
the induction of secretion in control rat ileum in response 
to PMA and no effect of PMA on C. jejuni-induced 
secretion clearly suggests that PKC activation may repre- 
sent a key regulatory event in the stimulus secretion 
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coupling of C. jejuni-induced iarrhoea. This was further 
supported by the use of H-7 which is a selective potent 
inhibitor of PKC and has considerable potential merit for 
studying the role of this enzyme in a wide range of cells 
[58]. This compound is known to inhibit PKC activity via a 
direct interaction on the catalytic site of enzyme [59]. 
However, it has been reported that H-7 could also act as an 
inhibitor of cAMP-dependent protein kinases at K i = 3 
~M and that of calmodul in-dependent kinases at K i = 96 
/zM [59,60]. The concentration of H-7 (60 /zM) used in 
the present study was such that it could act as an effective 
inhibitor of PKC only. Moreover the concentration used 
here is in line with that determined for isolated enterocytes 
and for intact mucosa transport studies by Donowitz et al. 
[16]. These authors have clearly indicated that 60 /zM H-7 
did not effect the Ca 2÷ calmodul in-dependent protein ki- 
nase activity and did not alter the protein kinases through 
which cAMP and cGMP are presumed to alter ileal active 
Na ÷ and C1- transport. We found that H-7 significantly 
inhibited C. jejuni live culture-induced net Na ÷ and C1- 
secretion whereas it could not alter the net Na ÷ and C I -  
fluxes in control group. This again suggests the involve- 
ment of PKC activation in C. jejuni-induced iarrhoea. 
In conclusion, our study shows that C. jejuni live 
culture infection of an enterotoxigenic strain alters the net 
Na + and C1- transport and stimulates net Na ÷ and C1- 
secretion in rat i leum. This secretory process appears to be 
Ca2+-dependent where both stimulation of Ca 2÷ uptake 
from extracellular mil ieu and Ca 2+ mobil ization from 
intracellular stores results in increased enterocyte [Ca 2÷ ]i. 
The activation of PKC further appears to be the important 
intracellular mediator pathway involved in the Ca2+-de - 
pendent stimulation of C. jejuni-induced iarrhoea. 
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